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Sema3A (Sema III, SemD, collapsin-1) can induce neuronal growth cone collapse and axon repulsion of distinct neuronal
populations. To study Sema3A function in patterning afferent projections into the developing spinal cord, we employed the
recombinant adenoviral vector technique in embryonic rat spinal cord slices. Virus solution was injected in the dorsal
aspect of organotypic spinal cord cultures with segmentally attached dorsal root ganglia (sc-DRG). In cultures grown in the
presence of nerve growth factor (NGF), injected either with the control virus AdCMVLacZ or with vehicle only, afferent
innervation patterns were similar to those of control. However, unilateral injection of AdCMVSema3A/AdCMVLacZ in
sc-DRG slices revealed a strong inhibitory effect on NGF-dependent sensory afferent growth. Ectopic Sema3A in the dorsal
spinal cord, the target area of NGF-responsive DRG fibers in vivo, created an exclusion zone for these fibers and as a result
they failed to reach and innervate their appropriate target zones. Taken together, gain of Sema3A function in the dorsal
aspect of sc-DRG cultures revealed a dominant inhibitory effect on NGF-dependent, nociceptive sensory DRG afferents, an
observation in line with the model proposed by E. K. Messersmith et al. (1995, Neuron 14, 949–959), suggesting that
ema3A secreted by spinal cord cells can act to repel central sensory fibers during the formation of lamina-specific
onnections in the spinal cord. © 2000 Academic Press
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In the vertebrate nervous system distinct classes of pri-
mary sensory neurons of dorsal root ganglia (DRG) subserve
different sensory modalities and project to class-specific
laminar targets in the spinal cord and medulla (Brown,
1981; Willis and Coggeshall, 1991). To reach their target
zones in the developing spinal cord, sensory DRG afferents
follow highly stereotyped pathways (Smith, 1983; Zhang et
l., 1994; Mirnics and Koerber, 1995; Ozaki and Snider,
997; Sharma and Frank, 1998). Around embryonic-day 11
E11) in the rat, axons of DRG neurons start to grow
idirectionally in opposite directions, dorsomedially to the
eural tube and ventrolaterally to the distal edge of the
ermamyotome and anterior half-sclerotome. At thoracic
1 Present address: Department of Neuroscience, Johns Hopkins
aUniversity School of Medicine, Baltimore, MD.
0012-1606/00 $35.00
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All rights of reproduction in any form reserved.evels, primary sensory afferents reach the dorsolateral
pinal cord around E12–E13. Initially these sensory fibers do
ot enter the CNS for several days, but grow rostrocaudally
long the dorsolateral spinal cord (Vaughn and Grieshaber,
973; Altman and Bayer, 1984). Around E15, DRG afferents
tart to extend collateral axon branches into the superficial
ayers of the dorsal horn and begin to segregate in their
amina-specific target zones, strictly avoiding branching in
ontarget areas (Ozaki and Snider, 1997). The neurotrophin
NT)-3-responsive, large-diameter proprioceptive DRG af-
erents project most ventrally in the spinal gray and synapse
n dendrites of motor neurons. Nerve growth factor (NGF)-
esponsive, small-diameter DRG neurons, involved in ther-
oreception and nociception, terminate in the most dor-
ally located laminae I and II of the spinal cord, and the
RG afferents to low-threshold mechanoreceptors form
heir synapses in laminae III–IV of the dorsal horn (Zhang et
l., 1994). The first monosynaptic reflex circuits are ob-
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130 Pasterkamp et al.served around E16 and the pattern of primary sensory
afferents in the rat spinal cord is largely established by E18.
Semaphorins comprise an expanding family of secreted
and membrane-anchored glycoproteins of which several
members exert chemorepulsive function and have been
implicated in repulsive axon guidance during neuroembryo-
genesis (Yu and Kolodkin, 1999). The best characterized
semaphorin family member to date, vertebrate Sema3A
(formerly known as Sema III, SemD, collapsin-1; Sema-
phorin Nomenclature Committee, 1999), exerts a chemore-
pulsive effect on a variety of developing axons through
interaction with a Sema3A receptor complex composed of
neuropilin-1 and plexin-A1 (He and Tessier-Lavigne, 1997;
Kolodkin et al., 1997; Takahashi et al., 1999; Tamagnone et
l., 1999). Mounting evidence indicates that Sema3A con-
ributes to the segregation of sensory DRG afferents in the
eveloping spinal cord (Luo et al., 1993; Messersmith et al.,
1995; Pu¨schel et al., 1995, 1996; Behar et al., 1996; Shep-
erd et al., 1997).
The role of Sema3A in patterning centrally projecting
ensory afferents is underscored by its distinct spatiotem-
oral expression pattern in the developing spinal cord.
uring early neuroembryogenesis, in situ hybridization
xperiments reveal prominent Sema3A expression through-
ut the spinal cord. Around E14, however, high levels of
ema3A become restricted to the ventral gray and the
pinal neuroepithelium, while less Sema3A is observed in
he intermediate gray, and no Sema3A is detectable in the
orsal laminae of the cord, the target area of cutaneous
NGF-dependent) DRG afferents (Messersmith et al., 1995;
right et al., 1995; Giger et al., 1996; Pu¨schel et al., 1996;
hepherd et al., 1996, 1997). In addition, over the course of
rimary afferent innervation, DRG neurons express the
ema3A receptor components neuropilin-1 and plexin-A1
Kawakami et al., 1996; Takahashi et al., 1999; Tamagnone
t al., 1999). Interestingly, E14 rat ventral, but not dorsal,
pinal cord secretes a chemorepulsive activity, selective for
GF-, but not NT-3-, dependent E14 DRG sensory affer-
nts, thought to participate in the proper segregation of
ensory DRG afferents into their specific target zones in the
pinal cord (Peterson and Crain, 1981; Fitzgerald et al.,
993; Messersmith et al., 1995). In line with this, in vitro
tudies revealed a developmental stage-dependent repulsive
ffect of Sema3A on primary sensory afferents. Until E14,
oth NGF- and NT-3-dependent DRG axons are strongly
epelled by Sema3A secreted from a point source (Pu¨schel et
l., 1996; Sheperd et al., 1997). At E14, however, NGF-
esponsive neurites are repelled, whereas NT-3-dependent
RG fibers show little response under similar experimental
onditions, suggesting that Sema3A is a ventral cord repel-
ent selective for nociceptive afferents (Messersmith et al.,
995; Pu¨schel et al., 1996; Sheperd et al., 1997; Reza et al.,
999). This idea is further supported by the ability of
ntibodies to Sema3A to neutralize much of the ventral
ord repulsive activity in chick (Sheperd et al., 1997). In
Copyright © 2000 by Academic Press. All rightddition, an initial Sema3A knockout study reported a
mall number of aberrant nociceptive DRG projections in
he developing spinal cord (Behar et al., 1996). Subsequent
nalysis of an independently generated mutant, however,
ailed to confirm these abnormalities in primary afferent
nnervation (Taniguchi et al., 1997).
To further determine the role of Sema3A in primary
fferent innervation, we examined whether gain of Sema3A
unction in the dorsal spinal cord could prevent NGF-
ependent DRG afferents from innervating their target
tructures in the dorsal lamina. Using recombinant adeno-
iral vectors to direct Sema3A expression in organotypic
pinal cord (sc-DRG) cultures, we found a dominant repul-
ive effect of ectopic Sema3A that resulted in a failure of
GF-responsive afferents to reach and innervate their ap-
ropriate target zones in the dorsal spinal cord. These
esults support the model proposed by Messersmith et al.
1995), suggesting that Sema3A secreted by spinal cord cells
elps to shape primary sensory projections. These results
urther demonstrate that viral vector-directed delivery of
xon guidance cues provides a means of determining their
unction in axon guidance and target selection in intact
rganotypic neural tissues.
MATERIALS AND METHODS
Preparation of Adenoviral Vectors
First-generation recombinant adenoviral vectors were con-
structed, purified, and titered as described in detail elsewhere
(Graham and Prevec, 1991; Giger et al., 1997; Hermens et al., 1997).
Both viral vectors, AdCMVSema3A and AdCMVLacZ, harbored an
expression cassette for either the rat Sema3A cDNA
(AdCMVSema3A) or the Escherichia coli LacZ gene (AdCMVLacZ)
in the early region 1 (E1) of the viral genome. Vectors are based on
the Ad5 mutant dl309 (Jones and Shenk, 1979) and employ the
cytomegalovirus immediate early (CMV) promoter to drive trans-
gene expression. A recombination scheme for AdCMVSema3A is
depicted in Fig. 1; the AdCMVLacZ vector used in this study was
identical to the one described by Hermens et al. (1997).
Titration of double CsCl gradient-purified AdCMVSema3A and
AdCMVLacZ on the permissive cell line 911 (Fallaux et al., 1996)
revealed titers of 3 3 1011 plaque-forming units (pfu)/ml for the
ormer and 8 3 1010 pfu/ml for the latter. The percentage of
eplication-competent adenovirus (RCA) in both viral stocks was
etermined by titration on A549 cells (Giger et al., 1997) and
evealed less than 104 RCA/ml for both stocks.
Animals
Timed-pregnant Wistar rats were purchased from Harlan CTB-
Zeist (The Netherlands). At E15 (the plug day was taken as day 0),
pregnant females were killed by intraperitoneal injection of a lethal
dose of Nembutal (0.15 ml/100 g body weight) and decapitated. The
entire litter was removed rapidly by cesarean section and cooled on
wet ice.
s of reproduction in any form reserved.
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131Chemorepulsive Control of Primary Afferent InnervationIn Situ Hybridization, Northern Blot Analysis, and
in Vitro Translation
To characterize AdCMVSema3A at the transcriptional level, in
situ hybridization and Northern blot analysis of inoculated Vero
cells were performed. For in situ hybridization, 106 Vero cells were
infected at an multiplicity of infection (m.o.i.) of 10, 50, or 100 of
AdCMVLacZ or AdCMVSema3A. The next day, cells were fixed
with 4% paraformaldehyde (PFA), 0.2% glutaraldehyde in
phosphate-buffered saline (PBS) for 10 min at room temperature
(RT) and subjected to in situ hybridization analysis as described by
Giger et al. (1998).
For Northern blot analysis, 106 Vero cells were infected at an
m.o.i. of 100 of AdCMVLacZ or AdCMVSema3A. After 2 days,
total RNA was isolated with RNAzol (Cinna/Biotecx) using the
manufacturer’s protocol. Total RNA was separated on an agarose–
formaldehyde gel and subjected to blot hybridization with a digoxi-
genin (DIG)-labeled cRNA probe specific for Sema3A as described
in detail by Giger et al. (1996).
To detect endogenous and ectopically expressed Sema3A in
sc-DRG cultures, in situ hybridization was performed on unin-
jected and AdCMVSema3A/AdCMVLacZ-injected explants. After
4 days in culture, injected explants were covered with Tissue-Tek
(Miles, Elkhard, IN) and rapidly frozen in dry ice-cooled
2-methylbutane. Cryosections of 20 mm were cut and hybridized
ith a DIG-labeled antisense Sema3A cRNA probe. Detection of
NA hybrids was performed as previously described by Giger et al.
1996).
To confirm the correct open reading frame in the Sema3A
ransgene expression cassette of the adenoviral construct, in vitro
ranslation of pAdCMVSema3A was performed using the TnT
oupled reticulocyte lysate system (Promega, Madison, WI) accord-
ng to the manufacturer’s protocol.
Repulsion Assay
COS-7 cells (106) were infected at an m.o.i. of 50 of AdCMVLacZ
or at an m.o.i. of 10 or 50 of AdCMVSema3A for 4 h at 37°C. The
next day, COS cells were harvested, aggregated, and used in the
repulsion assay. E15 thoracic DRG and COS cell aggregates were
cocultured for 40–48 h essentially as described by Kolodkin et al.
(1997). Medium was supplemented with 50 ng/ml NGF (Boehringer
Mannheim). After culture, explants were fixed in 4% PFA and
immunostained with a neurofilament-specific antibody (NF-M;
1:1000; Lee et al., 1987) and a horseradish peroxidase-conjugated
secondary antibody (Boehringer Mannheim; 1:400) as described by
Messersmith et al. (1995).
Preparation of Spinal Cord Explants
Under sterile conditions the spinal cord with attached DRG was
dissected from E15 rat embryos. The upper cervical and lumbar
parts of the cord were removed by cutting with small forceps and
the remaining part, largely covering the thoracic levels, was trans-
ferred to a tissue chopper (McMickle Laboratory) and cross-
sectioned at 400-mm thickness. Care was taken that cutting was
performed orthogonal to the longitudinal axis.
Spinal cord slices with two attached DRGs were selected and
immediately subjected to focal injection of virus stock solution
using a micromanipulator and drawn-out glass capillaries. Capil-
laries with a diameter of approximately 20 mm allowed reproduc-
Copyright © 2000 by Academic Press. All rightible injections of small volumes. Slices were kept wet in a minimal
volume of medium (see below) and injection was performed under
a dissecting microscope using a Hamilton syringe to inject approxi-
mately 10 to 50 nl (20 to 100 injections/ml) of virus stock solution
ver a short period of time, resulting in 106–107 pfu per injection.
To follow the extent and success of injection, vector stocks were
mixed with 0.01% Fast green. After 4 days in culture, the extent of
viral infection was confirmed by X-gal histochemistry and in situ
hybridization. In case of combined injection, the AdCMVSema3A
and AdCMVLacZ stocks were mixed in a ratio of 2:1 [final
concentration of the injected mixture, 1011 pfu/ml
AdCMVSema3A) and 5 3 1010 pfu/ml (AdCMVLacZ)]. To reduce
iral spread in the culture, explants were rinsed in medium after
irus administration and cultured on collagen- (Vitrogen) coated
0-mm glass plates in 35-mm dishes in a small volume of chemi-
ally defined medium [CDM; 1 part Dulbecco’s modification of
EM with high glucose, 1 part Ham’s F-12, plus 10 mg/ml insulin,
00 mg/ml transferrin, 40 nM progesterone, 200 mM putrescine, 60
mM selenium (Na2SeO3), 0.1% albumin, and 1% glutamine (Baker
et al., 1982)]. After 6 h at 37°C in 5% CO2, 1 vol of CDM with 40
ng/ml NGF (Boehringer) was added. Medium (CDM with 20 ng
NGF/ml) was refreshed after 2 days and cultures were kept for 4
days in total.
Analysis of Explants
To visualize adenoviral vector-mediated transgene expression,
we performed X-gal histochemistry of AdCMVLacZ- and
AdCMVSema3A/AdCMVLacZ-injected sc-DRG cultures. Explants
were fixed for 15 min at RT in 2% ice-cold PFA in PBS. Prior to
incubation in X-gal staining solution (5 mM K4CN(Fe)6, 5 mM
3Fe(CN)6, 2 mM MgCl2, 1 mg/ml 5-bromo-4-chloro-3-indoyl-D-
galactoside in PBS) cultures were washed in PBS twice. Explants
which showed no b-galactosidase reaction product after 6 h of
incubation at 37°C were discarded. Explants with focal expression
of b-galactosidase were washed twice in PBS and postfixed over-
night at 4°C in 2% PFA solution. The pattern of DRG afferents in
the spinal cord was visualized by filling processes of DRG neurons
with the fluorescent lipophilic dye-I (DiI; 1,19-dioctadecyl-3,3,39,39-
tetramethylindocarbocyanide perchlorate; Molecular Probes). DiI
dissolved in methanol (0.5%) was directly injected in DRG of fixed
explants using an injection setup similar to that described above for
virus application. After 1, 2, and 3 days at 37°C, explants were
examined under an inverted fluorescence microscope for DiI filling
of afferent DRG projections. DiI filling of centrally projecting DRG
projections yielded patterns resembling those observed in previous
studies (e.g., Sharma and Frank, 1998). Explants were mounted in
Vectashield on microscope slides and monitored under a laser
scanning confocal microscope (Zeiss, Weesp, The Netherlands). Z
scans were assembled to pictures and imported to Adobe Photo-
Shop to generate panels.
The consequences of adenovirus infection were determined
according to the following criteria (see also Wilkemeyer and
Angelides, 1995): (i) the extent of axonal outgrowth from the
sc-DRG explant, (ii) the extent of sensory axon growth in the
sc-DRG explant following focal delivery of virus buffer or AdCMV-
LacZ, (iii) the cellular organization of the explant (i.e., absence/
presence of necrotic holes), and (iv) the resemblance of infected
explants to freshly isolated explants. The cytoarchitecture of
infected explants was analyzed in detail by thionine staining of
cryosections and by examining the morphology of AdCMVLacZ- or
s of reproduction in any form reserved.
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132 Pasterkamp et al.AdSema3A-infected cells using X-gal histochemistry or in situ
hybridization, as described above.
RESULTS
Construction and Characterization of the
Adenoviral Vector AdCMVSema3A
Adenoviral vector-mediated gene transfer in various cell
types in vitro and in vivo is well established (for a review
ee Hermens and Verhaagen, 1998). We took advantage of
his vector system to address Sema3A function in organo-
ypic cultures of spinal cord cross sections with segmen-
ally associated DRG. To direct ectopic expression of
ema3A in cultured sc-DRG, we constructed a recombinant
denoviral vector, AdCMVSema3A, carrying an expression
nit for rat Sema3A in place of the early region 1 of the viral
enome (Fig. 1). This vector was characterized at the tran-
criptional level by in situ hybridization and Northern blot
nalysis of inoculated Vero cells. In situ hybridization
performed at various time points after inoculation revealed
a viral-dosage-dependent number of transgene-expressing
cells (data not shown). Infection efficiency of more than
90% was achieved with an m.o.i. of 100. Strong expression
of Sema3A was already detected within 24 h after inocula-
ion, in line with previous studies (Fig. 1C; Vogt et al.,
996). No Sema3A expression was detected in
dCMVLacZ-infected cells (data not shown). To determine
f transcription of the Sema3A cDNA resulted in mRNA of
he correct size, Vero cells were infected at an m.o.i. of 100
f AdCMVLacZ or AdCMVSema3A or were left uninfected.
single transcript with the expected size of 2.5 kb was
isible in lanes with RNA derived from AdCMVSema3A-
nfected cells. No Sema3A hybridization signal was found
n AdCMVLacZ-infected or vehicle-exposed cells (Fig. 1D).
n vitro translation of the corresponding Sema3A cRNA
evealed a protein product with an apparent molecular mass
f 85 kDa, confirming the correct open reading frame in the
ema3A transgene expression cassette of the adenoviral
onstruct (Fig. 1E).
To demonstrate biological activity of virus-derived
ema3A, we performed repulsion assays (Fig. 2). Virus-
nfected COS cells were aggregated and cocultured with E15
RG in a collagen matrix-stabilized medium in the pres-
nce of NGF. The length of NGF-sensitive DRG neurites on
he side close to the COS cells (proximal side) was com-
ared to the neurites on the distal side (for details see
essersmith et al., 1995). As a control, COS cells were
nfected with the reporter virus AdCMVLacZ carrying an
xpression cassette for the b-galactosidase enzyme. The
attern of neurites in control cultures was symmetrical;
bers grew in a radial orientation and some neurites almost
eached the COS cell aggregate (Fig. 2A). However, in
ultures infected with AdCMVSema3A a dramatic change
n the fiber pattern occurred. These cultures displayed a
iral-dosage-dependent repulsion of fibers on the proximal
Copyright © 2000 by Academic Press. All rightide, whereas on the distal side fibers were not affected and
heir growth pattern appeared comparable to that of control
ultures (Figs. 2B and 2C). Taken together these data
emonstrate that AdCMVSema3A encodes full-length
ema3A and allows efficient gene transfer and secretion of
iologically active Sema3A.
Organotypic Spinal Cord–DRG Cultures
As an experimental model to study Sema3A function on
sensory DRG afferents within the CNS, we used sc-DRG
organotypic cultures of E15 rat (Baker et al., 1982, 1984).
Cultures were kept in a small volume of serum-free CDM
supplemented with NGF. In the absence of serum cultures
retained a recognizable spinal cord cross-sectional appear-
ance over the entire culture period of 4 days (Fig. 3A). The
DRG migrated laterally away from the cord, keeping their
spheroid structure and giving rise to long neurites growing
in a radial orientation. Proximal DRG fibers, connected to
the cord by way of the dorsal root remnant, extended
afferents penetrating into the dorsal cord. Afferent projec-
tions of NGF-responsive fibers were always restricted to the
dorsal half of the spinal cord, their actual target area in vivo,
and did not cross over the midline of the explant (Figs. 4A
and 4B). To analyze whether culturing affects Sema3A
expression in spinal cord slices, explants were cryosec-
tioned and subjected to in situ hybridization with a ribo-
probe specific for Sema3A. The distribution pattern of
Sema3A in cultured spinal cord slices displayed a ventro-
dorsal gradient and matched the previously described ex-
pression profile in embryonic rat (data not shown; Messer-
smith et al., 1995; Wright et al., 1995; Giger et al., 1996).
Adenovirus-Mediated Gene Transfer in Spinal
Cord–DRG Slices
To direct local gene transfer and to transduce cells in the
deeper layers of the explant, the adenoviral vectors were
applied by injection. To optimize the injection technique,
we first used the reporter vector AdCMVLacZ. We found
that a short injection pulse of a small volume of concen-
trated vector stock solution (20–50 nl, 8 3 1010 pfu/ml) deep
nto spinal cord slices resulted in reproducible, local gene
ransfer with little viral spread to the contralateral side or
RG (Fig. 3B). By varying the amount of injected vector
olution the pattern and extent of transgene expression
ould relatively easily be manipulated. Furthermore, viral
pread in cultures was reduced to a minimum by rinsing
xplants immediately after vector administration. After 1,
, and 4 days in culture explants were fixed and transgene
xpression was monitored by X-gal histochemistry. Low
iral doses (;10–20 nl, i.e., approximately 100 injections
er ml) allowed focal transgene expression restricted to cells
close to the injection site (Fig. 5A). Higher doses (;50 nl,
i.e., ;20 injections) of vector solution led to a more wide-
spread transgene expression still restricted, however, to the
s of reproduction in any form reserved.
t
p
i
i
D
j
s
t
r
r
S
A
1
c
t
t
m
133Chemorepulsive Control of Primary Afferent Innervationipsilateral side of the injected explant (Fig. 5B). Virus
injection did not change gross cytoarchitecture, affect
growth of axons extending from the sc-DRG explant, or
induce any obvious cytotoxic changes in sc-DRG cultures
for at least 4 days (the longest time the cultures were kept),
indicating there was no direct viral toxicity (compare Fig.
FIG. 1. Construction and in vitro characterization of the adenov
representation of the construction of AdCMVSema3A. (A) The ta
terminal repeat (ITR), an expression unit with the cytomegaloviru
cDNA and a fragment of the Ad5 DNA [map units (m.u.) 9.2–15
plasmid contains an origin of replication (Ori) and an ampicillin res
imian virus 40 early polyadenylation sequence [SV40poly(A)].(B) A
argeting plasmid were cotransfected into the producer cell line 91
esulted in the recombinant adenoviral vector AdCMVSema3A, in w
endering the vector replication defective. (C) Inoculation of Vero
ema3A as early as 1 day after infection as detected by in situ hybr
dCMVSema3A, AdCMVLacZ, or mock infection and subjected to
and 3 show vehicle and AdCMVLacZ-infected (m.o.i. 100) Vero
ells at an m.o.i. of 100. A single transcript with the expected siz
ranslation using pAdCMVSema3A as a template revealed a protein
he correct open reading frame in the Sema3A transgene expre
anufacturer. Lane 2 is a negative control in which cDNA was om3A and 3B; data not shown). Furthermore, to demonstrate a
Copyright © 2000 by Academic Press. All righthat adenoviral vectors per se do not alter the extent or
attern of DRG axon growth in sc-DRG explants, we
njected virus buffer or AdCMVLacZ as controls and stud-
ed afferent projection patterns (Fig. 4). In uninjected sc-
RG explants, DiI-labeled nociceptive DRG afferents pro-
ected into the dorsal half of the spinal cord, defasciculated,
based gene transfer vector AdCMVSema3A. (A and B) Schematic
ng plasmid pAdCMVSema3A contains the left-end Ad5 inverted
mediate-early enhancer/promoter (CMV) in front of the Sema3A
quired for homologous recombination. In addition, the targeting
ce gene (AMPR) for selection and growth in E. coli and a truncated
09 genomic DNA restricted with ClaI and XbaI and the linearized
mologous recombination between the plasmid and the viral DNA
h the viral E1a/b region is replaced by the Sema3A expression unit,
with AdCMVSema3A (m.o.i. 100) resulted in strong expression of
tion. (D) Total RNA was isolated from Vero cells 2 days following
hern blot analysis using DIG-labeled Sema3A cRNA probes. Lanes
respectively. Lane 2 represents AdCMVSema3A-transduced Vero
.5 kb was detected in AdCMVSema3A-infected cells. (E) In vitro
uct with an apparent molecular mass of 85 kDa (lane 3), confirming
cassette. Lane 1 represents a positive control supplied by the
d. Scale bar in C, 7.5 mm.irus-
rgeti
s im
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ittend innervated their spinal targets. A large number of fibers
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134 Pasterkamp et al.extended toward the midline of the explant (Figs. 4A and
4B). A similar pattern of innervation was observed follow-
ing injection of virus buffer into the dorsal spinal cord (Fig.
4C). In addition, following AdCMVLacZ administration,
the majority of axons persistently projected and terminated
in the dorsal spinal cord, as observed in uninfected explants.
Numerous DiI-labeled fibers passed through the region of
LacZ gene-expressing cells, demonstrating that injection of
an adenoviral vector and expression of a reporter gene do
not inhibit afferent fiber growth within the spinal cord slice
(Fig. 4D).
FIG. 2. AdCMVSema3A-derived Sema3A can repel sensory afferen
repulsion assays were performed using E15 rat DRG from thoracic
or AdCMVSema3A (B and C) were aggregated and cultured at a dis
NGF. After 2 days, cultures were fixed and stained with the anti-n
a radial orientation in the presence of AdCMVLacZ- (5 3 107
AdCMVSema3A-transduced aggregates in a dose-dependent manne
FIG. 3. Adenovirus-based gene transfer in sc-DRG organotypic c
afferent innervation of the embryonic spinal cord, we combined sc
gene transfer. (A) Unstained sc-DRG explant after 4 days in culture.
mm thickness and explants were maintained in serum-free CDM su
sc-DRG cultures had retained their original cytoarchitectural detail
cultures, AdCMVLacZ (;20–30 nl of 8 3 107 pfu/ml) was microinjec
fixed and subjected to X-gal histochemistry. Microinjection of AdC
no viral spread to the contralateral side or DRG. (C) To monitor ecto
AdCMVSema3A and AdCMVLacZ, was applied in several experime
f explants was injected using this mixture. After 4 days in culture
r to in situ hybridization for Sema3A. Cryosection obtained from a
umerous Sema3A-positive cells restricted to the area of X-gal staining
Copyright © 2000 by Academic Press. All rightEctopic Sema3A in the Dorsal Spinal Cord Stops
Afferent DRG Fibers
To allow easy visualization of the extent of ectopic
Sema3A expression in sc-DRG slices, a mixture of two viral
vectors, AdCMVSema3A and AdCMVLacZ, was injected.
Transgene-expressing cells, visualized by X-gal histochem-
istry and growth of afferent DRG projections, filled with
DiI, were analyzed. We assumed that the distribution and
number of AdCMVSema3A-transduced cells would be com-
parable to the number of cells labeled by X-gal histochem-
vitro. To demonstrate biological activity of virus-derived Sema3A,
s stimulated with NGF. COS cells infected with AdCMVLacZ (A)
e from E15 DRG in collagen gels in medium containing 50 ng/ml
filament antibody NF-M. Note that DRG neurites are growing in
infected COS cells (A, n 5 48), but are redirected away from
1 3 107 pfu (n 5 22); C, 5 3 107 pfu (n 5 35)]. Scale bar, 310 mm.
es. As an experimental model to study Sema3A function in DRG
organotypic cultures of E15 rat with adenoviral vector-mediated
thoracic spinal cord with attached DRG was cross-sectioned at 400
ented with NGF for 4 days. Note that even after 4 days in culture
o determine the feasibility of adenoviral microinjection of sc-DRG
nto the dorsal aspect of the cord. After 4 days, cultures were briefly
LacZ resulted in reproducible and local gene transfer with almost
xpression of Sema3A in sc-DRG explants, a mixture of two vectors,
o analyze Sema3A expression in relation to X-gal staining, a series
lants were subjected either to whole-mount X-gal histochemistry
lant with an injection site comparable to the one shown in B showsts in
level
tanc
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pplem
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nts. T
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. (A, n 5 36; B, n 5 24; C, n 5 15). Scale bar, 260 mm.
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135Chemorepulsive Control of Primary Afferent InnervationFIG. 4. Adenoviral vector-mediated gene transfer does not interfere with sensory innervation of the dorsal spinal cord in vitro. Confocal
mages showing DiI-labeled NGF-dependent DRG afferents in the dorsal aspect of uninfected sc-DRG explants (A and B) or in vehicle- or
dCMVLacZ-injected explants (C and D, respectively) after 4 days in culture. Dashed line in A indicates the midline. In B, C, and D the
idline of the explants is to the right. Dashed lines in B and C indicate the dorsolateral margin of the explant. In uninjected explants,
iI-labeled DRG fibers project into the dorsal half of the spinal cord slice (arrowheads in A). Note that NGF-responsive DRG axons enter
he spinal cord in a tight fascicle (arrows in B and C) and defasciculate in their target region in the dorsal cord (arrowheads in B and C).
sterisks in C and D indicate DiI-labeled DRG. (C) Injection of virus buffer (;30 nl) into the dorsal spinal cord did not interfere with afferent
ber ingrowth. (D) Following AdCMVLacZ injection (;10–20 nl of 8 3 107 pfu/ml), numerous DRG axons passed through the region of b-gal
expression to terminate in the dorsal horn, as observed in uninfected explants. Black arrowheads indicate b-gal-expressing cells. (A and B,
n 5 36; C, n 5 12; D, n 5 29). d, dorsal; v, ventral. Scale bar, 145 mm (A), 70 mm (B), 60 mm (C), and 40 mm (D).
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137Chemorepulsive Control of Primary Afferent Innervationistry. To confirm this we performed X-gal histochemistry
and in situ hybridization for Sema3A on a series of double-
injected explants after 4 days in culture (Fig. 3C). A focal
injection of virus mixture, comparable to the example
shown in Fig. 3B, resulted in numerous Sema3A-expressing
cells restricted to the region of X-gal staining (Fig. 3C). The
total number of Sema3A cells seemed to be somewhat
higher than the number of X-gal-stained cells, probably
because of the higher amount of AdCMVSema3A injected
(ratio AdCMVSema3A:AdCMVLacZ is 2:1).
Analysis of AdCMVSema3A/AdCMVLacZ-injected ex-
plants revealed a repulsive effect on NGF-responsive DRG
afferents projecting into the dorsal aspect of the spinal cord
slice. After 4 days in culture, explants were briefly fixed and
subjected to subsequent X-gal histochemistry and DiI-
labeling. Injection of low doses of AdCMVSema3A/
AdCMVLacZ (;10–20 nl of AdCMVSema3A [108 pfu/ml]/
AdCMVLacZ [5 3 107 pfu/ml] mixture) resulted in
nilateral growth of afferent DRG projections. On the
ontralateral, nontransduced side of the explant, DiI-
abeled afferents grew close to the midline (Fig. 5C). Con-
ralateral DRG afferents entered the dorsal spinal cord in
arge axon fascicles to subsequently defasciculate and ter-
inate within their specific targets, as seen in control
xplants (Fig. 5G). On the ipsilateral, injected side of the
ame explant, many fibers were able to enter the dorsolat-
ral spinal cord, but were clearly repelled from the area of
ector-transduced cells (Figs. 5A and 5D). Only a few
ndividual ipsilateral DRG afferents were able to extend
oward more medial regions of the explant (Fig. 5H). Injec-
ion of a higher dose of AdCMVSema3A/AdCMVLacZ (;50
l of AdCMVSema3A [108 pfu/ml]/AdCMVLacZ [5 3 107
pfu/ml]) mixture resulted in widespread unilateral transgene
xpression, which stopped virtually all centrally projecting
bers at the dorsal root entry zone of the explant (Figs. 5B
nd 5F). Only rarely was an axon observed to extend
FIG. 5. Ectopic Sema3A repels NGF-responsive DRG afferents fro
mixture of AdCMVSema3A and AdCMVLacZ, explants were fixed
iral doses resulted in focal transgene expression restricted to a
hereas higher amounts of vector solution led to a more widespread
y varying the amount of injected vector solution, the pattern an
anipulated. Boxed area in A represents the area of magnification i
hown in A (C, D, G, H) and B (E, F). C, E, and G represent the cont
he ipsilateral, injected side of the same explants (midline to the
dCMVSema3A/AdCMVLacZ mixture resulted in unilateral fibe
oward the midline (arrowheads). (D) Many ipsilateral fibers ent
ransgene expression (see A). Higher viral doses resulted in the inabi
assed the dorsal root entry zone to grow toward the midline (arro
ontrol cultures. (F) Ipsilateral fibers grew through the dorsal root
spect. (G and H) Higher magnifications of C and D, respectiv
agnification. Whereas numerous fibers entered and terminated in
RG afferents were found in the dorsomedial aspect of the explan
pfu/ml]/AdCMVLacZ [5 3 107 pfu/ml]), E and F, n 5 84 (;50 nl)]. d,
).
Copyright © 2000 by Academic Press. All rightedially, consistently avoiding the area of transgene ex-
ression. On the contralateral side many afferent projec-
ions could be observed growing toward the midline (Fig.
E). However, fiber ingrowth was clearly less pronounced
han in control cultures in which no virus or only the
dCMVLacZ vector was applied (Figs. 4C and 4D), suggest-
ng that Sema3A may have diffused in the contralateral
orsal horn or medium, thereby also affecting contralateral
rojections. These experiments show that ectopic Sema3A
n sc-DRG slices clearly inhibits or, at high doses, even
revents ingrowth of nociceptive DRG afferents into the
orsal spinal cord during the period these axons normally
nnervate this target structure.
DISCUSSION
During neuroembryogenesis, distinct classes of DRG
neurons establish specific central projections within the
spinal cord. Here, we used replication-defective adenovi-
ruses to study Sema3A function in the patterning of noci-
ceptive DRG afferents in the spinal cord. Our results show
that ectopic Sema3A expressed in the dorsal aspect of
sc-DRG explants prevents NGF-dependent DRG afferents
from entering the spinal cord explant and extending fibers
in the dorsal lamina. These data support a model suggesting
that Sema3A secreted by spinal cord cells acts as a repellent
for distinct classes of DRG afferents during the innervation
of the embryonic spinal cord. We demonstrate that in the
dorsal spinal cord Sema3A has a dominant negative effect
over growth-promoting factors that in control explants
favor the entry of DRG projections in the spinal cord. The
present data further demonstrate the usefulness of viral
vector-directed delivery of specific proteins as a means of
determining their function in vertebrate axon guidance in
intact organotypic neural tissues.
e dorsal spinal cord in vitro. (A and B) At 4 days after injection of
transgene expression was monitored by X-gal histochemistry. Low
population of cells around the injection site (arrowheads in A),
l transduction in the ipsilateral spinal cord (arrowheads in B). Thus,
tent of transgene expression in sc-DRG explants could be easily
nd D. (C–H) Confocal images showing DiI labeling of the explants
eral, uninjected side (midline to the right), while D, F, and H show
. Black asterisks in C–F indicate DiI-labeled DRG. Low doses of
rowth. (C) On the contralateral side, DiI-labeled afferents grew
the dorsolateral spinal cord, but were repelled from the area of
f DRG axons to enter the dorsal spinal cord. (E) Contralateral fibers
ads). Fiber growth, however, was less pronounced compared with
rd the spinal cord where they terminated in its most dorsolateral
White asterisks in C and D indicate the approximate area of
ontralateral half of the cultured spinal cord (G), only few ipsilateral
). [A, C, D, G, and H, n 5 62 (;10–20 nl of AdCMVSema3A [108
l; v, ventral. Scale bar, 180 mm (A, B), 75 mm (C–F), and 15 mm (G,m th
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138 Pasterkamp et al.To direct local gene transfer, we applied adenoviral vec-
tors by microinjection. Following focal application of ad-
enovirus, explants retained their overall tissue organiza-
tion, and sensory afferent innervation was unaffected.
These results are consistent with previous studies showing
that injection of adenoviruses enables reproducible local
gene transfer in organotypic cultures (Ridoux et al., 1995;
Wilkemeyer and Angelides, 1995; Moriyoshi et al., 1996;
Wilkemeyer et al., 1996). Although significant adenoviral
vector-associated cytotoxicity has been reported when ap-
plying adenoviral vectors at high doses or in long-term
cultures (Wilkemeyer and Angelides, 1995; Durham et al.,
1996; Wilkemeyer et al., 1996), several studies have shown
that viral vectors can be applied to transduce organotypic
cultures without disrupting the overall health of the in-
fected tissues (Dijkhuizen et al., 1997; Baker et al., 1998).
Our results indicate that recombinant adenoviruses can be
used as efficient gene transfer vectors for short-term sc-
DRG cultures without apparent signs of cytotoxic damage.
To study Sema3A function in sc-DRG slices, we con-
structed a vector harboring an expression unit for Sema3A
(AdCMVSema3A). Characterization of AdCMVSema3A in-
cluded Northern blot analysis, in situ hybridization, and
repulsion assays. Northern blot analysis revealed an mRNA
of the expected size, while in situ hybridization on
AdCMVSema3A-infected Vero cells showed viral-dosage-
dependent expression of Sema3A. In addition, following
injection of AdCMVSema3A in sc-DRG cultures, numerous
cells at the injection site expressed Sema3A. Repulsion
assays further showed that adenovirus-derived Sema3A is
able to repel embryonic DRG axons in vitro, establishing its
biological activity. These results clearly demonstrate the
feasibility of adenoviral vector-directed expression of bio-
logically active Sema3A in vitro.
During neural development, different classes of sensory
neurons project to distinct laminar termination sites within
the spinal cord appropriate for their specific modalities
(Brown, 1981; Willis and Coggeshall, 1991). Several lines of
evidence support a role for Sema3A in confining nocicep-
tive, NGF-dependent DRG afferents to the dorsal lamina of
the spinal cord. NGF-dependent DRG afferents can be
repelled by recombinant Sema3A (Messersmith et al., 1995;
Pu¨schel et al., 1996; Sheperd et al., 1997; Reza et al., 1999).
Furthermore, in vitro studies have shown that embryonic
ventral spinal cord secretes a diffusible factor selectively
repelling these afferents (Peterson and Crain, 1981; Fitzger-
ald et al., 1993). This correlates well with strong Sema3A
expression in the ventral spinal cord (Messersmith et al.,
1995; Wright et al., 1995; Giger et al., 1996; Pu¨schel et al.,
1996; Sheperd et al., 1996, 1997). The observation that
antibodies to Sema3A neutralize much of this repellent
activity and overshooting of certain nociceptive sensory
afferents into the ventral cord of mice with a targeted
deletion of the Sema3A gene further support the idea that
Sema3A is the ventral cord repellent (Behar et al., 1996;
Copyright © 2000 by Academic Press. All rightSheperd et al., 1997). To further define the role of the
chemorepellent Sema3A in patterning nociceptive affer-
ents, we performed gain-of-function experiments employ-
ing adenoviral vectors in organotypic sc-DRG cultures.
After 4 days in culture, NGF-dependent DRG projections
specifically arborized in the dorsal part of the sc-DRG
explant, as observed in vivo. Endogenous Sema3A expres-
sion patterns were preserved, consistent with the hypoth-
esis that many axon guidance mechanisms are conserved in
cultured sc-DRG slices (Sharma et al., 1994; Redmond et
al., 1997). Ectopic expression of Sema3A by cells in the
dorsal spinal cord exerted a strong inhibitory effect on the
extension of NGF-responsive sensory projections. Ectopic
Sema3A in the dorsal portion of the cord, the target area of
nociceptive DRG afferents in vivo, created an exclusion
zone for these fibers and as a result they failed to reach and
innervate their appropriate target zones. Thus, ectopic
expression of Sema3A is able to modify the permissive
substrate of E15 dorsal spinal cord (Redmond et al., 1997;
Sharma and Frank, 1998) into a region impenetrable for
sensory axon ingrowth. Together, these results support the
idea that in vivo, Sema3A, secreted by cells in the ventral
cord (Sheperd et al., 1997), acts as a repulsive guidance cue
which can prevent NGF-responsive sensory fibers from
approaching the ventral gray matter.
As DRG afferents first approach the dorsal spinal cord,
they are instructed to wait at its most dorsal aspect before
entering the spinal gray around E15–E16 (Vaughn and
Grieshaber, 1973; Altman and Bayer, 1984). Waiting periods
have been reported for various axon populations in the
nervous system. Peripheral sensory and motor axons wait
for about 1 day before growing into the limb bud (Swanson
and Lewis, 1982). Similarly, thalamic afferents wait in the
cortical subplate before innervating the cortex, and olfac-
tory bulb axons exhibit a protracted waiting period in the
lateral olfactory tract before giving off collaterals to the
olfactory cortex (Lund and Mustari, 1977; Sugisaki et al.,
1996). The mechanisms underlying these waiting periods
are still poorly understood. Sema3A expression in early
embryonic dorsal spinal cord and concomitant Sema3A-
sensitivity of all sensory afferents suggest that Sema3A may
be a waiting cue for these primary sensory afferents (Mess-
ersmith et al., 1995; Wright et al., 1995; Pu¨schel et al.,
1996; Sheperd et al., 1996, 1997). This is in line with the
observation that in the developing olfactory system,
Sema3A contributes to the pausing of embryonic primary
olfactory axons at the basal telencephalic vesicle (Koba-
yashi et al., 1997). In addition, Sema3A is initially distrib-
uted throughout the entire spinal cord, but disappears from
its dorsal aspect just as sensory axons begin to arborize into
the dorsal gray matter. At this stage, NT-3-dependent
afferents become insensitive to Sema3A enabling them to
cross the Sema3A-positive ventral horn toward the motor
neurons (Messersmith et al., 1995; Pu¨schel et al., 1996;
Sheperd et al., 1997). In our study, the Sema3A-mediated
s of reproduction in any form reserved.
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139Chemorepulsive Control of Primary Afferent Innervationexclusion of NGF-dependent axons from the dorsal horn
appears to mimic a waiting period for these sensory affer-
ents during the time they normally start to extend into the
spinal cord. Our data suggest that Sema3A, perhaps in
concert with other molecular cues, is involved in enforcing
the waiting period of sensory afferents during early neuro-
embryogenesis.
Both intrinsic and extrinsic molecular mechanisms are
thought to be involved in directing the central projections
of DRG neurons. Several features of these projections
indicate that Sema3A is not solely responsible for appropri-
ate sensory afferent innervation. For example, different
classes of sensory afferents follow a distinct mediolateral
trajectory in the spinal cord to reach their targets. Local
directional cues, distinct from Sema3A, appear to constrain
these projections to their correct pathways (Sharma and
Frank, 1998). The presence of additional directional cues in
the developing spinal cord is further underscored by both
Sema3A knockout studies, which reveal only minor or no
abnormalities in central projections in the absence of
Sema3A (Behar et al., 1996; Taniguchi et al., 1997).
We have recently shown that following sciatic nerve
njury, Sema3A expression in the ventral spinal cord is
own-regulated during the period of regeneration and target
einnervation (Pasterkamp et al., 1998). However, expres-
ion of the Sema3A receptor component neuropilin-1 by
njured DRG neurons was unaffected. This down-regulation
n Sema3A coincides with the injury-induced sprouting of
entral DRG projections, a phenomenon thought to under-
ie the neuropathic pain that can follow peripheral nerve
njury (Bennett, 1994). Interestingly, the ventral spinal cord
epellent activity, likely to be mediated by Sema3A, is not
estricted to early embryonic development, but is still
resent at later stages (Fitzgerald et al., 1993). Thus, the
njury-induced decline of the chemorepellent Sema3A may
lter the nonpermissive terrain of the mature spinal cord,
hereby allowing structural changes in axon endings and
ynaptic boutons. Such aberrant DRG fiber growth can also
e observed both upon removal of embryonic spinal cord
egions containing high levels of Sema3A and following
argeted deletion of the Sema3A gene (Behar et al., 1996; Fu
et al., 1998). In conclusion, a better understanding of the
role of Sema3A in the patterning and maintenance of
sensory afferent projections may provide important insights
into the maladaptive changes that can occur following
peripheral nerve injury.
In summary, although the mechanisms underlying
lamina-specific connectivity in the spinal cord are largely
unknown, our results support the hypothesis that certain
aspects of central sensory axon guidance are mediated by
the chemorepellent Sema3A. First, ectopic expression of
Sema3A by spinal cord cells inhibits nociceptive DRG axon
ingrowth, providing further evidence for the idea that
during normal development Sema3A-expressing cells in the
ventral spinal cord act to prevent nociceptive DRG affer-
Copyright © 2000 by Academic Press. All rightnts from approaching the ventral gray matter. Second, the
bility of ectopic Sema3A expressed by cells in the dorsal
orn to prevent afferent ingrowth argues that this chemore-
ellent may be a waiting cue for DRG afferents during early
eural development. The present study further demon-
trates the usefulness of viral vector-directed delivery of
xon guidance cues as a means of determining their func-
ion in vertebrate axon guidance and target selection in
ntact organotypic neural tissues. Future studies, employ-
ng spatiotemporally regulated expression of Sema3A in
pinal cord of transgenic mice, will be necessary to further
stablish the role of Sema3A in shaping sensory afferent
rowth in the developing, as well as in intact and injured
ature spinal cord.
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